Introduction
Although Aspergillus species are cosmopolitan fungal organisms found in air, water and land, they can become devastating opportunistic pathogens for a number of bird species as the cause of aspergillosis [1 -4] . Infection originates with inhalation of Aspergillus conidia, most (iv) exposure to high concentrations of fungal conidia [5, 7, 8] . In spite of signifi cant progress in veterinary procedures and response experience, aspergillosis remains a signifi cant challenge to releasing healthy birds after undergoing rehabilitation. Nonetheless, few detailed epidemiological studies have been performed to understand avian mortalities that occur after oil spills beyond documenting pathological fi ndings on necropsy [7] . Historically, molecular epidemiology techniques have been used to evaluate outbreaks of aspergillosis in human hospital wards [9 -11] . However, a number of recent avian studies have also begun to use similar techniques in evaluating relationships between clinical and environmental Aspergillus spp. isolates [12 -15] .
Discriminatory molecular genotyping of Aspergillus species obtained from infected seabirds, their rehabilitation settings, and the environments where birds have been recovered may better elucidate the sources of infection and may result in improved strategies for prevention of aspergillosis in seabirds. To address this, we performed environmental monitoring of fungi in air, water, and water-related surfaces during 2007 -2008 at three aquatic bird rehabilitation facilities in northern California in conjunction with environmental monitoring of several natural settings along the northern California coast at which seabirds have traditionally been found to be susceptible to developing aspergillosis. Additionally, clinical isolates of Aspergillus were obtained from birds undergoing rehabilitation in these facilities. Finally, all the recovered A. fumigatus isolates were genotyped using microsatellite analysis in order to evaluate the genetic relationship between environmental and clinical isolates.
Materials and methods

Environmental sampling in rehabilitation centers and natural sites
Air sampling was performed seasonally at a large seabirdspecifi c rehabilitation facility based in Fairfi eld, CA, USA, which is the largest aquatic bird rehabilitation center in Northern California, treating over 3,000 birds annually. Air sampling was also performed at a single time point during the study period at two other smaller rehabilitation centers (based in Santa Cruz, CA and Monterey, CA, USA) that often transfer birds to the Fairfi eld facility. A seabird undergoing rehabilitation would often be exposed to multiple microenvironments within the facility. For aquatic seabirds spending much of their lives on the water, these areas typically include (in the order of exposure to the birds): intake, stabilization or holding (typically in netbottom pens), outdoor warm water pool, and outdoor cold water pool or aviary (such as the small pool aviary, or ' SPA ' , at the Fairfi eld center). This progressive series of steps within the facility was taken into consideration when plans were developed to maximize sampling from areas where birds were most likely to spend time.
Appropriate natural environmental sampling sites were chosen based on historical and current use by ' aspergillosis-susceptible ' seabirds (Table 2) . These included land areas frequently used as breeding sites and open water areas where these birds are commonly observed (fi ve sites, Fig. 1 and listed in Table 1 ). These same locations also served as catchment areas frequently identifi ed as the source of injured or debilitated seabirds entering the Fairfi eld facility. Sampling was performed seasonally (3 -4 times per year) in the same place at one of the natural sites (Southeast Farallon Island) and at a single time point (2007 -2008) at four other natural seabird loafi ng areas along the northern California coast (Table 1) .
Environmental sample collection
Environmental sampling was performed between August of 2007 and July of 2008 in three rehabilitation centers and selected natural seabird loafi ng sites (Fig. 1) . Sampling sites and dates are detailed in Table 1 . Air samples were collected using a Surface Air System (SAS) Super 100 Between 100 l and 500 l of air (depending on the local environment) was collected in triplicate per site onto the agar plates and the latter then incubated at 37 ° C for 48 h prior to counting colonies. Water sampling, ranging between 50 and 500 ml depending on turbidity of the water, was performed using a vacuum-based Millipore Microfi l Filtration System (Billerica, MA, USA) with 0.45 μ m fi lters. Filters were then placed onto Sabdex plates containing 20,000 IU/l of penicillin and 40 mg/l of streptomycin, and incubated at 37 ° C for 48 h prior to colony quantifi cation and identifi cation. (WEGU), Ringed-Billed Gull (RBGU)] and Phalacoracidae [Brandt ' s Cormorant (BRAC), Double-Crested Cormorant (DCCO)] were targeted due to their historic susceptibility to aspergillosis in captivity and the wild [4, 6, 16, 17] (Table 2) . Aspergillus infections were confi rmed by gross pathology, histopathology and culture, with the most frequent samples being obtained from air sac membranes, lungs, and syrinx (vocal organ). In addition, tracheal wash samples (TW) were collected from all seabirds the day after intake and either once every seven days thereafter or immediately prior to euthanasia. Only isolates that were recovered from TW samples from birds that succumbed to aspergillosis were included in this study. A total of 32 A. fumigatus isolates recovered from 22 individual seabirds were available for analyses using the above criteria. Protocols used for animal samples were approved by the University of California Animal Care and Use Committee.
Molecular identifi cation of A. fumigatus
Although species other than A. fumigatus were recovered, only A. fumigatus isolates were analyzed in this study. All isolates were initially identifi ed as A. fumigatus based on morphology and then confi rmed using molecular methods. In brief, all aspergilli were grown on Sabdex agar plates and genomic DNA was extracted by harvesting hyphae, thoroughly breaking up the material using an Omni-mixer, and performing a multistep elution process using DNeasy columns (catolog #69506, Qiagen Inc., Valencia, CA, USA). For the Luminex identifi cation method, the β tubulin region was PCR amplifi ed and tested on the Luminex platform with an A. fumigatus specifi c probe [18] .
Microsatellite analyses
Isolates confi rmed as A. fumigatus were subjected to microsatellite analysis employing a panel of eight loci (STR Af 2A, 2B, 3B, 4A, and 4B [19] , and Bart-Delabesse A, B, and C [20] ). The fragments obtained were combined with Genescan 500 ROX Marker (Applied Biosystems, Foster City, CA, USA) and analyzed on an Applied Biosystems platform (Foster City, CA). Electrophoretograms were generated using Genemapper V4.0 software (Applied Biosystems, Foster City, CA) and analyzed using Neighbor Joining methods with bootstrapping; data were imported into FigTree v1.2.3 (University of Edinburgh, Scotland, UK) for graphic display. For the purposes of this study, isolates with the same amplicon sizes in all loci were defi ned as clonal, and isolates with amplicon size varying in only one locus were defi ned as genotypically related or a ' genetic cluster ' . All other isolates that varied in more than one locus were classifi ed as genotypically distinct isolates.
Results
Burden of Aspergillus conidia present in the environment
A. fumigatus colony counts (CFU/m 3 ) from air samples collected in natural seabird loafi ng areas and rehabilitation environments were based on standardized collection using a hand-held volumetric impact air sampler. Average A. fumigatus counts were at least nine times higher in rehabilitation samples (M ϭ 7.34, SD ϭ 9.78 CFU/m 3 ), when compared to natural sites (M ϭ 0.76, SD ϭ 2.24 CFU/m 3 ), t (205) ϭ Ϫ 5.99, P Ͻ 0.001.
Subtyping of clinical and environmental A. fumigatus isolates
A total of 79 A. fumigatus isolates recovered from confi rmed cases of aspergillosis and through environment sampling were available for analyses. The morphological identifi cation of all isolates was confi rmed by molecular (Luminex) methods. Results of the sub-typing study using a discriminatory 8-locus microsatellite panel revealed the presence of fi ve clonal groups (10 isolates, groups A -E), 13 genotypically-related clusters (28 isolates, clusters A -M), and 41 distinct singleton genotypes out of a total of 79 isolates (Fig. 2) . The dendrogram generated from microsatellite data is illustrated in Fig. 2 . Table 3 lists source, site and genotypes of isolates that were grouped into clonal or genetic clusters based on microsatellite analysis but does not list the singleton isolates that had distinct genotypes.
Discussion
Environmental sampling was performed over the period of one year in rehabilitation center and the natural environs ( Fig.  1) where these seabirds may be found. Although air sampling was performed at multiple time points at several natural sites, these samples yielded very few fungi, refl ecting the low fungal burden in these environments. In contrast, environmental sampling within the rehabilitation centers yielded a larger fungal load (data not shown). This fi nding may be due in part to the location of the rehabilitation centers in areas further inland and closer to increased vegetation and organic matter which may have had a higher burden of Aspergillus conidia in contrast to natural seabird sites that are located near the coast. Indeed, if the rehabilitation center fosters a higher fungal burden than the natural environs, it suggests that these birds may not be exposed to A. fumigatus conidia until they enter the rehabilitation center, where they may acquire the infection with devastating consequences given their fragile immune state. This fungal environmental sampling study has certain inherent limitations that include the large volumes of air and water to be sampled, in addition to the need for continuous air sampling at different times of the day Microsatellite-based methods have been increasingly employed in examining genetic relationships of A. fumigatus isolates recovered from birds and their environments [12 -15] . Beernaert et al . used . Here we amplify and extend these studies with a larger sample size and larger panel of microsatellites to further understand the molecular epidemiology of captive seabirds in a rehabilitation setting. Our study revealed great genetic diversity among A. fumigatus isolates recovered from both the birds and their environment (Fig. 2) . High genetic diversity within A. fumigatus recovered from human clinical infections has been reported, and has been attributed to rapid mutation rates and the possibility of an occult sexual stage in this organism [21] . In humans with aspergillosis, multiple genotypes have been recovered from the same individual [22 -25] , a fi nding that has recently been documented in birds [26] . Here we report one instance where we found isolates recovered from different body sites (ID #09-034, a tracheal wash sample, and #08-094, a necropsy sample collected from a lung four days later) of the same bird displaying distinct genotypes (Fig. 2) . Multiple unique genotypes from the same individual could indicate co-infection or superinfection with multiple strains, or indicate the presence of a transient colonizer.
In spite of the diversity in the genotypes, multiple clonal groups were found. Clonal groups A, B and C are each represented by a pair of isolates recovered from different body sites of a single individual (Table 3) . Each pair from clonal groups A and B consisted of an antemortem tracheal wash sample followed by a necropsy sample obtained later the same day. Clonal group C consisted of isolates obtained from two separate necropsy locations (lung and abdominal air sac) from the same bird. Clonal group D consisted of an isolate recovered from an air sac sample taken at necropsy from a Common Murre that died within 24 h of admission into the Fairfi eld rehabilitation facility, and an isolate recovered from the environment of the Santa Cruz rehabilitation facility. Detailed investigation revealed that the bird was captured at Sea Cliff Beach, which is in close proximity to the Santa Cruz center (Fig. 1) . Since the incubation period for acute systemic infection ranges between 1 and 7 days based on inoculation studies [27, 28] , it is possible that this bird may have inhaled the fungus while beached in Sea Cliff Beach and had already started developing systemic disease prior to entry into the Fairfi eld facility, suggesting that this bird acquired the disease in the wild prior to entering the rehabilitation facility. Clonal group E consists of a clinical tracheal wash isolate and an air sample recovered almost two years later from the same treatment center (Fairfi eld facility), demonstrating that A. fumigatus genotypes persist for extended periods of time in the environment.
Thirteen genotypically-related clusters were revealed by microsatellite analysis: six of these clusters consisted of isolates derived from both clinical sources and the surrounding rehabilitation center environment in which the birds were housed (clusters A, C, D, I, K, and M). For instance, in genetic cluster A, an isolate from a Common Murre was found to have a shared genotype with an environmental isolate recovered from the indoor holding facility, where birds are usually stabilized and provided with nutritional and medical support until they are ready to be moved to outdoor pools. Similarly, in genetic cluster D, a tracheal wash isolate from a Brandt ' s Cormorant was closely related to an A. fumigatus isolate recovered from the water of the outdoor pools, suggesting that the pool may have been a likely source of infection. Conversely, all of the natural seabird environmental site isolates were genotypically distinct from one another and distinct from the clinical isolates. This study also found that environmental isolates recovered from a similar geographic and temporal origin also clustered together (clusters F, G, J and L) ( Table 3) .
In summary, this study employed a discriminatory subtyping method to demonstrate the presence of multiple genotypically related clusters that included clinical isolates and isolates recovered from the local rehabilitation center environments where the birds were housed. These data, combined with the fi nding that there was a higher fungal burden in the environment of each rehabilitation center when compared to the natural environment, strongly suggest that the rehabilitated birds may be infected with A. fumigatus from the immediate environment in the center. Given that these vulnerable seabirds may have acquired the infection in the treatment facility, it is important to understand the sources of A. fumigatus and minimize these sources to protect the rehabilitating seabirds. Potential ways of decreasing fungal exposure in seabird rehabilitation facilities include improving air fi ltration and fl ow, implementation of proper disinfection procedures, and reduction of organic debris in the areas where the birds are housed. An understanding of the genetic relationship between environmental and clinical A. fumigatus isolates in addition to information on fungal load can help identify sources of infection, which will in turn guide appropriate management and mitigation of aspergillosis in seabirds that undergo rehabilitation or are maintained in a captive setting.
around Southeast Farallon Island, and the staff and volunteers at each of the various rehabilitation centers. Additional mycology identifi cation assistance provided by Anita Moore and Barbara Byrne from the UC Davis microbiology laboratory. Dr David Stevens from Stanford University and Lisa Tell from UC Davis were also instrumental in facilitating the collaboration between UC Davis and the CDC.
Disclaimer : The fi ndings and conclusions in this article are those of the authors and do not necessarily represent the views of the Centers for Disease Control and Prevention.
Declaration of interest : The authors report no confl icts of interest. The authors alone are responsible for the content and writing of the paper.
